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Supercapacitores, células de combustível e baterias são comumente 
utilizadas no armazenamento de energia elétrica. Os supercapacitores são utilizados 
em aplicações de alta densidade de potência. O interesse nestes dispositivos cresce 
com a demanda por dispositivos de armazenamento de energia limpa, de baixo 
custo, eficiente e compatível com fontes de energia intermitente (como solar e 
eólica), assim como compatíveis com o campo emergente da eletrônica flexível. 
 
Este trabalho verifica a aplicabilidade de uma plataforma escalonável utilizada 
na produção de condutores não metálicos [88,89] no desenvolvimento de 
supercapacitores de carbono sobre matriz de papel. Eletrodos de supercapacitores 
foram preparados por deposição sobre papel de filtro de dispersões de carvão ativo 
e/ou grafite em solução alcalina de celulose. Os filmes resultantes foram lavados e 
secos, e suas massas, espessuras e resistências elétricas superficiais foram 
medidas. Eletrodos calandrados e não calandrados foram montados em dispositivos 
simétricos e suas propriedades eletroquímicas foram avaliadas por ciclos de carga e 
descarga amperostáticos e voltametria cíclica. Os resultados foram comparados com 
os melhores dispositivos supercapacitores de carbono sobre papel da literatura, 
mostrando uma excelente capacitância por área e resistência interna (350 mF cm-2 e 
1.4 Ω, contra 103.5 mF cm-2 [69] e Ω [24]), mas baixa capacitância gravimétrica 
(67.2 F g-1 contra 252 F g-1 [23]). 
 
A capacitância dos eletrodos compósitos aumentou com o envelhecimento 
das dispersões usadas para prepará-los. Mudanças morfológicas na superfície das 
partículas de carvão ativado foram observadas, apresentando um aumento na 
quantidade de mesoporos. A máxima capacitância por área destes eletrodos é 
atingida quando os dispositivos são operados até 1.6 V em experimentos de 
voltametria cíclica. Os dispositivos montados apresentaram aumento de 11% em 
capacitância e 28% de redução na resistência equivalente em série ao serem 






Supercapacitors, fuel cells and batteries, are currently widely used in energy 
storage. The former are suited for high power density applications. Interest in these 
devices is due to the demand for clean, low-cost, efficient energy storage, compatible 
with intermittent energy sources (such as solar and wind) as well as with the 
emerging field of flexible electronics. 
This work verifies the applicability of a scalable platform used to produce 
non-metallic conductors [88,89] to the development of all-carbon, paper-based 
supercapacitors. Supercapacitor electrodes were prepared by coating filter paper 
with dispersions of activated carbon and/or graphite in an alkaline cellulose solution. 
The resulting films were washed, dried and their masses, thicknesses and surface 
electrical resistances were measured. Calendered and non-calendered electrodes 
were assembled as symmetric devices and their electrochemical properties were 
evaluated by galvanostatic charge/discharge cycling and cyclic voltammetry. The 
results were compared to the best all-carbon paper supercapacitor devices in the 
literature, showing excellent areal capacitance and internal resistance (350 mF cm-2 
and 1.4 Ω, against 103.5 mF cm-2 [69] and 8 Ω [24]), but low gravimetric capacitance 
(67.2 F g-1 against 252 F g-1 [23]). 
The capacitance of composite electrodes increased with bench aging of the 
dispersions used to prepare them. Morphological changes on the surface of activated 
carbon particles were observed, showing an increase in the amount of mesopores. 
Maximum areal capacitance of these composite electrodes is achieved when the 
assembled devices are operated up to 1.6 V in cyclic voltammetry experiments. The 
assembled devices have a 11% increase in capacitance and a 28% reduction in ESR 
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Our ever growing human population is actually surpassing the 7.6 billion 
 
people, with predictions of the UN indicating a population of more than 9.8 billion 
 
people by 2050 [1]. Pursuing sustainability, the study of new energy production and 
 
energy storage technologies have become one of the top priorities of science. 
 
Amongst the electrical energy storage technologies, supercapacitors have drawn 
 
special attention due to its high cost efficiency, long lifetime and compatibility with 
 
intermittent energy sources, as solar and wind [2]. Consequently, an increasing 
 
number of peer-review papers on the subject of supercapacitors has grown from 
 
around 15,000 in the period between 2000 and 2009 to more than 50,000 between 
 
2010 and 2018 (data from Google Scholar). 
 
The first practical use of the electric double layer capacitance on energy 
 
storage begun on the 1950s with the application of the first patented electric double 
 
layer capacitor (EDLC) by General Electric Corporation (GE) [3]. On the 1970s, the 
 
Nippon Electric Company (NEC) started to brand their EDLCs as “supercapacitors” to 
 
be used as memory backups [3], but only on the 1990s materials other than activated 
 
carbon were applied on the production of supercapacitors [3]. Pseudocapacitive 
 
materials (e.g. RuO2 and MnO2) are able to do fast, highly reversible surface redox 
reactions to storage energy. Modern supercapacitor devices (sometimes branded as 
ultracapacitors [4-6]) can rely solely on electric double layer capacitance, on 
pseudocapacitance (pseudocapacitors) or on multiple electrochemical mechanisms, 
being classified as hybrid devices [7]. As a matter of fact, “supercapacitor” is an 
umbrella term and any survey on the literature for this term will evidence that EDLCs, 
pseudocapacitors and hybrid devices may all be labeled as supercapacitors or 
ultracapacitors depending on the authors. 
From the many proposed substrates and electroactive materials used to 
produce supercapacitors, those that allow the fabrication of flexible electrodes 
(Figure 1) are especially appealing since they can be spirally wounded, allowing the 
manufacture of compact devices and because of their potential compatibility with the 





low cost production, compatible with large-scale roll-to-roll production processes, of 
 

































Figure 1: Summary of support matrices used in the fabrication of high performance 
 
flexible supercapacitors. Extracted from reference [8]. 
 
 
EDLCs have electrodes composed of carbon materials, most commonly 
 
activated carbon (AC), followed by graphene. Electrolytes can be aqueous or 
 
non-aqueous with the most common among these categories being respectively 
 
sulfuric acid (H2SO4) and tetraethylammonium tetrafluoroborate in acetonitrile 
(TEA-BF4 / ACN [(H3CㄧCH2)4N
+BF4
– / H3CㄧC≡N:]). The combination of electrode 
material and electrolyte will dictate each of the supercapacitor properties as, 
capacitance (C), equivalent series resistance (ESR), operation voltage (Vr), energy 





1.1 Carbon materials in electrodes 
 
 
There is a wide range of carbon materials being applied in supercapacitor 
 
electrodes, with their own advantages, costs and limitations. A summary of these 
 
materials properties follows in table 1. 
 
 
Table 1: Properties of carbon materials commonly used in supercapacitor electrodes. 
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* Carbon nanotubes. ** Data from reference [11]. 
 
 
1.1.1 Activated carbon 
 
 
Activated carbon (AC) is the most widely used material in commercial 
 
supercapacitor electrodes. ACs are cheap and easily available since they can be 
 
prepared from abundant inorganic and organic sources (i.e. coke and charcoal 
 
respectively). ACs have high specific surface area (SSA), spanning from 1000 m2 g-1  
to more than 3500 m2 g-1, due to the presence of micropores (< 2nm), mesopores 
 





conductivity of activated carbon materials used in electrode applications usually 
 
average around 0.1 to 1 S cm-1. 
 
Recently, research efforts have concentrated in finding optimized carbon 
 
structures, with appropriate pore size distribution, pore volume and with the presence 
 
of heteroatoms (e.g. O, N) which increase the specific adsorption of ions 
 
(e.g. hydronium, hydroxide), enhancing the capacitance of electrodes [12]. As seen in 
 
table 1, materials of higher SSA present higher specific capacitance. As one could 
 
expect, increasing the specific surface area to the maximum possible values would 
 
bring the specific capacitance of electrodes to ever increasing values. That is not the 
 
case however, as reaching SSA higher than 1500 m2 g-1 brings specific capacitance 
 
values to a plateau [14]. Such effect is attributed to an electrostatic repulsion of ions in 
 
nearing pores which would increase as the number of micropores increase and the 
 
thickness of their walls is reduced [14]. The pore size distribution, its magnitude and 
 
modality affect activated carbons specific capacitances. For instance, as observed 
 
by Portet and colleagues, introducing an increase in activated carbons 
 
BET-measured SSA from ~1100 m2 g-1 to ~2100 m2 g-1, by activation with KOH, 
 
yielded an increase in capacitance of only 15% [13]. Such discordance is attributed by 
 
the authors to the alteration in the mean pore size to larger values (from 0.7 nm to 
 
1.3 nm) [13]. It is even known that the correct pore sizing, matching the hydrated radii 
 
of electrolyte ions, enhance the specific capacitance of activated carbons, since it 
 
allows the partial or total dehydration of the electrolyte ions as they penetrate these 
 
pores [7,12]. Pore volume is another factor to be optimized in high performance 
 
activated carbons, as the activated carbon micropores can be saturated as nearing 
 
ions occupy its volume [15]. Finally, heteroatoms can produce a considerable amount 
 
of pseudocapacitance in activated carbon electrodes. As observed by 
 
Raymundo-Piñero and colleagues, oxygen-rich activated carbons of small specific 
 
surface area (273 m2 g-1 [BET]) derived from sodium alginate from seaweed leaves 
 
were shown to achieve very high specific capacitance (200 F g-1), comparable to 
 
those of high-surface area activated carbons [16]. Therefore, it is important that 
 
supercapacitors use optimized carbons with the right pore size distribution, pore 
 
volume and possibly containing surfaces enriched with heteroatoms which allow 
 







1.1.2 Graphite and graphene 
 
 
Due to its high thermal and electrical conductivities and resistance to heat and 
 
impact, graphite is industrially used as electrode in electric arc furnaces for iron and 
 
aluminum smelting and steel processing [17]. In batteries, most commercial Li-ion cells 
 
use high-purity graphitic carbons as anodes [18], usually coming from synthetic coke 
 
processing routes. Recently, Wang et al, proposed the use of natural graphite as 
 
cathode in aluminum rechargeable batteries with promising results [19]. 
 
Graphene is structurally a single sp2 carbon sheet. Graphite is a high number 
 
of stacked graphene sheets. A common route to produce graphene, is the chemical 
 
exfoliation of graphite by its oxidation, producing graphene oxide and its further 
 
reduction, producing reduced graphene oxide (Figure 2). With graphite exfoliation, 
 
the specific surface area of this material increases by two orders of magnitude, 
 
yielding graphene of high specific capacitance (table 1). Consequently, graphene 
 
nanocomposites have been widely studied as supercapacitor electrodes [10,20-24] and 
 
Skeleton Technologies has implemented their industrial use in the production of high 
 




















1.2 Pseudocapacitive materials and hybrid devices 
 
 
Another alternative to produce electrodes of high specific capacitance and 
 
high energy density, is the use of pseudocapacitive materials. The first material to be 
 
acknowledged as capable of doing fast surface faradaic reactions with a 
 
capacitive-like behavior was the RuO2




+ + x e- ↔ RuO2-x(OH)x 
 
 
MnO2 + x (Cation)
+ + y H+ + (x+y) e– ↔ MnOO(Cation)xHy 
 
 
Such mechanism is known as redox pseudocapacitance, and other oxides 
 
(e.g. V2O5) and conductive polymers (e.g. polyaniline, polythiophene, polypyrrole and 
polyacetylene) also have these capacitive-like properties [27]. Composites of 
conductive polymers and metal oxides were shown to achieve very high specific 
capacitances (2565.7 F g-1) [28]. However, redox pseudocapacitive materials suffer 
from lower cycling stability due to the irreversible nature of the electrochemical 
faradaic processes happening in the electrodes. Another common mechanism of 
pseudocapacitance is intercalation with Li+ ions. Nanotubes, graphene, TiO2, and 
Nb2O5 are some examples of materials applied in intercalation pseudocapacitive 
electrodes [7,26,27]. Graphene nanosheets intercalated with Li+     ions in all-carbon 
paper-based supercapacitors were shown to achieve up to 252 F g-1 [23]. A list of 
carbons and pseudocapacitive materials and their specific capacitances is shown for 































Figure 3: Some materials applied in supercapacitor electrodes and their specific 
 
capacitance. Extracted from reference [29]. 
 
 
Some recent applications incorporate composites of high surface area with 
 
bulk faradaic materials or a combination of supercapacitor electrodes as anodes and 
 
battery electrodes as cathodes [7,12,30-32]. Such embodiments are known as hybrid 
 
devices and are being studied as candidates of a new generation of devices with 
 
both high power and high energy density. 
 
 
1.3 Role of the electrolytes in supercapacitor performance 
 
 
Electrolytes influence every parameter of a supercapacitor device, depending 
 
on the material and electrolyte properties (Figure 4). Capacitance is optimized when 
 
smaller ions (such as sulfate and hydrogen) are used, in combination with carbon 
 
materials with pore sizes matching the size of the hydrated ions. In the referred 
 
conditions, ions lose their hydration shell and the number of charges for a given pore 
 





electrolyte and ionic mobility of its ions are maximized [7,12,33]. Power and energy 
 
densities depend on the operational voltage squared (Vr
2), which are directly 
correlated to the electrochemically stable potential window of the electrolyte [7,12,33]. 
The electrochemical stability of the electrolyte and electrode materials will dictate the 
cycle stability [12,33]. Finally, the electrolyte boiling and freezing points will rule the 




































Figure 4: How electrolytes properties affect each parameter of a supercapacitor 
 





1.3.1 Aqueous electrolytes 
 
 
Aqueous electrolytes have high ionic conductivity (~ 0.8 - 1 S cm-1), reducing 
 
the equivalent series resistance of the supercapacitors, high chemical stability, 
 
increasing their shelf life and cycle stability, typically smaller ionic sizes, allowing 
 
higher capacitances and low toxicity, being more environmental-friendly and allowing 
 
easier manufacture [33,34]. The major limitation of aqueous electrolytes is their narrow 
 
electrochemical stability window of 1.23 V (H2O/O2 redox couple). Since this potential 
window is pH dependent, in acidic solutions, the operation voltage of acidic 
electrolytes may be even lower (~ 1 V), severely limiting the power (Pd ∝ V
2/R) and 
energy (Ed ∝ CV
2) capability of devices based in aqueous electrolytes. Efforts have 
concentrated in increasing the overpotential of electrodes using aqueous electrolytes 
and significand progress has been achieved by Fic and colleagues. The authors have 
demonstrated an activated carbon device operating at voltages up to 2.2 V in 




1.3.2 Non-aqueous electrolytes 
 
 
Despite the higher toxicity, handling difficulty (need of anhydrous and 
 
high-purity solvent), higher viscosities, higher average ionic sizes, leading to smaller 
 
specific capacitances (table 1) and lower ionic conductivities (~ 10 - 50 mS cm-1) 
 
organic electrolytes operational voltages are still unmatched by aqueous electrolytes, 
 
going up to 2.5 - 2.8 V (in ACN and propylene carbonate (PC) respectively). Organic 
 
electrolytes also present larger temperature operational windows 
 
(e.g. ACN m.p. = - 44oC b.p. = 81.6oC; PC m.p. = - 48.8oC b.p. = 241.6oC) [81]. 
 
Furthermore, although organic electrolytes provide smaller capacitances, the energy 
 
and power densities achievable are considerably higher. As a consequence, most 
 
commercial supercapacitors operate in such electrolytes [4,5,25]. Recently there is a 
 
growing interest in solid-state electrolytes and ionic liquids [33]. Both allow even higher 
 
operational voltages (> 3 V), at even larger temperature operational windows, but 
 







1.4 Binders used in supercapacitors 
 
 
Formulation of supercapacitor binders play a crucial role in performance. An 
 
ideal binders must give a strong cohesion between electroactive particles and a good 
 
adhesion between these particles and separator or current collector. However, the 
 
binder content in the electrode should me minimized for a few reasons [36]: 
 
1) Excessive binder may hinder particle-particle and particle-collector contact. 
 
2) Binders may block intergranular volumes, reducing electrolyte impregnation. 
 
3) High content of insulating material in the electrode can increase its ESR. 
 
4) Being non-active materials, binders reduce the gravimetric and volumetric 
 
capacitance the devices. 
 
 
The most common binders in industrial applications are fluorinated polymers 
 
such as PTFE (polytetrafluorethylene), but vinyl and cellulosic binders such as PVA 
 
(polyvinyl alcohol) or CMC (carboxymethylcellulose) are also used [36]. The main 
 
advantage of fluorinated polymers is their relative electrochemical inertia while the 
 
drawback is the use of solvents in manufacturing processes, increasing its overall 
 
cost [36]. PVA and CMC can be operated at lower costs, but they are not compatible 
 
with voltages above 1.3 V (SHE), limiting the resulting supercapacitors voltage 
 
operation to 2.6 V [36]. 
 
Hiratsuka et al. evaluated the performance of supercapacitors prepared with 
 
different binders, before and after 3000 cycles of charge and discharge in 
 
TEA-BF4/PC at 40



































According to the authors’ results, cellulose and PVA showed the worst 
 
performance as the supercapacitors were submitted to long-term cycling. The origin 
 
and production process of the cellulose binder cited by the authors could not be 
 
retrieved because the cited japanese patents JPS593915A, JPS62200715A could 
 
not be found in any translatable form [38,39]. Yet, modern industrial supercapacitors 
 
use α-cellulose powder in their compositions [4] (as seen in product safety data 
 
sheets), presumably as a binder component. As examples, patents assigned by 
 
Maxwell Energy Products Inc cite the use of CMC, hydroxyethyl cellulose, 
 
hydroxypropyl cellulose, cellulose fibers and methyl cellulose as binders [40-45]. 
 
 
1.4.1 Cellulose electrochemical stability and degradation in sulfuric acid 
 
 
Although CMC is electrochemically degraded at 1.3 V (SHE), cellobiose (the 
 
cellulose forming dimers) is stable up to 2 V (SHE) [46], presenting an advantage over 
 





as a binder for high-voltage supercapacitors (e.g. 3.7 V) [47]. In sulfuric acid solutions 
 
cellulose suffers hydrolysis forming several products of degradation. The pathway to 
 








































Cellulose and cellobiose are insoluble in 1 mol L-1 sulfuric acid. However, all of 
 
the products of cellobiose hydrolysis but humin are highly soluble. As a 
 
consequence, higher degrees of cellulose hydrolysis can enrich the electrolyte 
 
solution with molecules that lower the water surface tension (e.g. glucose [48], fructose 
 
[49] and formic acid [50]), improving the wettability of the carbon particles. This effect 
 
would allow the electrolyte to cover a higher area of the carbon particles, increasing 
 





reducing their MW and the appearance of small molecules (potentially adsorbates), 
 
could increase the carbon surface coverage, decreasing its capacitance. 
 
 
1.5 Supercapacitors vs. Batteries 
 
 
Figure 6 shows common electrochemical mechanisms (anion adsorption in the 
 
electric double layer and fast surface faradaic reactions) exploited in ultracapacitors 
 
and the typical electrochemical response of purely capacitive and pseudocapacitive 
 




















Figure 6: Materials commonly used in ultracapacitors (A-D) and response of the 
 
electrodes in cyclic voltammetry experiments (E, F) and constant current discharge 
 
(G, H). A - carbon particles. B - porous carbon. C - RuO2 or MnO2. D - lithium ions 
intercalated in graphene or carbon nanotubes. E - purely capacitive behavior of 
carbon materials in cyclic voltammetry and G - constant current discharge 
experiments. F- “battery-like” behavior of pseudocapacitive materials in cyclic 




Supercapacitors are usually compared and contrasted with batteries due to 
 
the electrochemical nature of their energy storage mechanisms. Charge and 
 
discharge potential profiles at constant current and cyclic voltammetric data of bulk 
 





systems, the galvanostatic discharge behavior is linear, bulk batteries show a plateau 
 
of voltage over time (relative to the ongoing bulk faradaic processes). In cyclic 
 
voltammetry experiments purely capacitive devices show a highly rectangular shape 
 
while reversible bulk batteries usually have the classic “duck” shape (Figure 6F) [51]. 
 
Moreover, given the high reversibility of the non-faradaic energy storage mechanism 
 
of the supercapacitors, they show little to no loss in capacity with more than 10,000 
 
charge-discharge cycles, while batteries usually degrade considerably after 400-1000 
 
charge-discharge cycles. These differing electrochemical profiles reflect directly in 
 
performance and application of the mentioned devices. Figure 7 is known as a 
 
Ragone plot and it shows a comparison of specific power and specific energy of 
 
different energy storage technologies as a log-log plot, with the usual to maximum 
 
reported rated power and energy values represented by the corners of the colored 
 
polygons [52]. In this plot, one can see that supercapacitors usually have higher 
 

























Figure 7: Ragone plot comparing the typical specific energy and specific power 
 








These energy and power profiles make supercapacitors more suited than 
 
batteries to store energy from intermittent sources and for high power applications. 
 
EDLCs are being applied in [4,25]: Wind power storage, helping to increase the stability 
 
and reliability of the energy grids; Regenerative braking systems in hybrid buses, 
 
cars and trains; Data center backup power source, initiating diesel generators and 
 
fuel cells. Batteries on the other hand, most usually deliver the high energy needed 
 
from our smartphones, computers and hybrid vehicles. 
 
Supercapacitor performance evaluation and classification is prone to issues 
 
and uncertainties and there is an ongoing debate on which methods are more 
 
appropriate for each class of device [53,54]. Furthermore, the capacitance, power and 
 
energy values are reported with different bases of calculus (i.e. gravimetric, areal and 
 
volumetric) and could depend on whether the tested subject is a material, individual 
 
electrode or assembled device. Therefore, to compare performance results to the 
 
current literature, it is important to test devices with different methodologies and 
 
bases of calculus. 
 
 
1.6 Performance evaluation in supercapacitors 
 
 
There are three main methodologies used to evaluate supercapacitor 
 
performance [53,54]: Constant current (galvanostatic) charge/discharge (GCD), cyclic 
 
voltammetry (CV), and electrochemical impedance spectroscopy (EIS). GCD and CV 
 
will be discussed in this text. Publications on supercapacitors may evaluate material 
 
performance (using two electrodes or three electrodes setups), electrode 
 




It is important to recall the fundamental equation Q = C × V which states that 
 
a body charge equals its capacitance times its potential. This equation may also be 
viewed as I = ( dt ) = C × ( dt ) . With these mathematical relations, one can 





















USABC: U.S. advanced battery consortium LLC, part of the United States Council for 
 




IEC: International electrotechnical commission. An international organization that 
 




Chinese Standard: Chinese government standards. 
 
UC-Davis: Technical recommendations from Andrew Burke [53] at UC-Davis. 
 
Maxwell: MaxwellⓇ Technologies, company standards. 
 
Nesscap: Nesscap Energy Inc., company standards. 
 
Ioxus: Ioxus, Inc., company standards. 
 
 
1.6.1 Galvanostatic charge/discharge (GCD) 
 
 
In tables 3A and 3B [53]     follow the relation of current standards for 
 
supercapacitor performance evaluation. GCD measurement is the standard method 
 
used to test supercapacitor devices in industrial environments [26,36,53,54] and it is made 
 
by charging and discharging assembled devices (using a two electrodes setup) or 
 
separate electrodes (using a three electrodes setup) at constant current for a few 
 
cycles to hundreds or thousands of cycles. The test current is defined for a discharge 
 
from the rated voltage to 0 V in periods of about 30 - 250 s. This is followed in most 
 
publications on supercapacitor performance [21,22,24,28,30,31,55-69], however international 
 
standards define currents for industrial product testing based on the rated 
 
capacitance, voltage and equivalent series resistance (ESR), within discharge times 
 
of about 90 s [53]. For example, USABC recommends a charge/discharge current of I 
 
= V * C / 720 (where V and C are the rated voltage and capacitance respectively). 
 
Following this standard, a 3 F supercapacitor, operating at 0.8 V should be tested 
 
with 3.33 mA currents. IEC recommends a discharge current of I = V / 40R (where R 
 
is the ESR) [53]. Following this standard, a supercapacitor with a 1 Ω ESR, operating 
 
at 0.8 V should be tested with a 20 mA current. 
 
The operation voltage is constrained by the electrochemical stability of the 
 





GCD experiment by testing increasing voltage windows until the charge and 
 
discharge V x t plots show deviation from the ideal (linear) behavior [70-72]. 
 
To calculate the capacitance of an assembled device, separate electrode or 
 
material, a linear extrapolation of the V x t discharge curve is used. The discharge 
 
current is divided by the discharge curve angular coefficient according to the formula 
 
C = - i / (dV/dt). Some standards suggest not to use the entire voltage interval for 
 
calculations but intervals between 90% V to 70% V (IEC) or or 80% V to 40% V 
 
(Nesscap) [53]. Using these shorter voltage intervals for calculation yields the same 
 
capacitance values for EDLCs with ideal behavior, but increase the rated capacitance 
 
values for pseudocapacitive and hybrid devices [53]. Therefore, it is not suitable for 
 
non-ideal supercapacitors, in which the discharge curve is highly non-linear [53]. It is 
 
then recommended to integrate the discharge curve and multiply the integral by the 
 
applied current to obtain the stored energy, then using E=½CV2 to obtain C [53-54]. 
 
Some authors use methods for ideal EDLCs in the calculation of non-linear 
 
pseudocapacitors and hybrid devices, sometimes even expressing capacitance as 
 
C= I*∆t / ∆V (where ∆t is the discharge time interval and V is the operation voltage) 
 
[e.g. 56] which could lead to inaccurate and overestimated determinations [54]. When the 
 
authors are determining the specific (gravimetric) capacitance of the electroactive 
 
material in a symmetric (two electrodes) configuration, the capacitance should be 
 
divided by the total weight of electroactive material multiplied by 4 [12,72]. Explanation 
 
follows: One has to do a normalization to the weight of one electrode demanding the 
 
multiplication of the measured capacitance value by the factor of two. Since there are 
 
two electrodes, there are two identical capacitors in series (another factor of two, 
 
derived from 1/Cequivalent = 1/C + 1/C). This relation was verified experimentally, by 
comparing capacitance values measured in both two electrodes and three electrodes 
setups [73]. Some authors exclude the binder weight from the electroactive material 
weight. However, the binder is strongly correlated with the performance of a 
supercapacitor, as discussed in section 1.4. Therefore, it is a good practice to include 
the binder weight in the calculations [12]. The areal capacitance of a device or 
electrode, is calculated as C divided by the device or electrode geometric area. 





Equivalent series resistance of a supercapacitor is usually taken as the initial 
 
voltage drop in the discharge process divided by the applied current [53]. This value 
 
depends on the sampling rate and is usually taken as 10 ms by the Ioxus and 
 
Nesscap companies and Chinese standards [53]. The IEC standards and UC-Davis 
 
technical guides suggest the linearization of the V x t discharge curve and to use its 
 
value at t = 0 [53]. Some authors in scientific papers use the first mentioned method 
 
[31,60,62,66,68,74], while other authors determine the internal resistance by EIS 
 
[22,24,28,30,56,58,59,61,64,65,67,75], a method that yields smaller ESR values [54]. The ESR is a 
 
combination of the electrolyte ionic resistance, the contact resistance between 
 
electrode and current collector and the electronic resistance of electrodes [12]. The 
 
latter depends on the device scaling: recall the equation R = ρ L / A, where ρ is the 
 
material resistivity, L the electrode thickness and A its area. For a film electrode, 
 
higher areas and electrode thicknesses reflect on smaller resistances. Therefore, 
 
some authors report the equivalent series resistance in Ω cm-2 (dividing ESR by the 
 
electrode/device area) or Ω cm2 (multiplying ESR by the electrode/device area). 
 
Since the ESR value depends inversely on the geometric area of the electrode or 
 
device, the later unit of measurement is more appropriate. 
 
 
1.6.2 Cyclic voltammetry (CV) 
 
 
Cyclic voltammetry can be used to measure capacitance and the maximum 
 
operational voltage of a device. Cyclic voltammetry experiments can be made in two 
 
electrode setups (positive and negative electrodes) or three electrode setups 
 
(working electrode, reference electrode and counter electrode). The former is more 
 
suitable to simulate real operational conditions for a device while the latter is used to 
 
make analyses of faradaic processes happening in electrodes [12,54,72,73]. 
 
In two electrodes setups, the potential difference varies linearly between zero 
 
and a defined potential limit (or voltage cut-off) and back to zero, while the current 
 
between the electrodes is measured. In three electrodes setups the voltage varies 
 
between working and reference electrodes and the current is measured between 
 
working and counter electrodes. In both cases, the rate of potential variation over 
 







The shape of a voltammogram (plot of i x V) tells whether a device or 
 
electrode behaves as a strict EDLC (rectangular voltammogram. e.g. figure 6E) or as 
 
a pseudocapacitor (presence of reversible faradaic peaks. e.g. figure 6F) [54]. The 
 
maximum operational voltage can be found by varying the voltage cut-off and 
 
monitoring the appearance of irreversible faradaic peaks [70-72]. 
 
To calculate the total cell capacitance from a voltammogram, the following 
 









2 V max r 
; 
 
Where Vmax is the voltage cut-off and r is the sweep rate. 
 
 
Another parameter that can be extracted from a voltammogram is the 
 
differential capacitance Cd(V). The differential capacitance can be calculated by 
dividing the I(V) function by the sweep rate r and can be plotted as Cd x V. 
Usually, capacitance in real systems is not a constant value, but a function of 
the applied voltage or current. Therefore, GCD experiments are reported as a 
function of different charge/discharge currents and cyclic voltammetry experiments 
are reported as a function of different sweep rates. Lower sweep rates allow the 
visualization of slower faradaic processes (if they are present), while higher sweep 
rates allow the study of high current operation conditions. If one wants to follow the 
“90 s for discharge” rule (section 1.6.1), sweep rates should be around 1/180 V s-1 ≈ 
5.56 mV s-1 for a voltage cut-off of 1 V. 
 
 
1.6.3 Power rating and stored energy estimation 
 
 
Two important quantities to be estimated for a given device are its energy and 
 
power densities. According to most of the standards [53] as well as many authors in 
 
the scientific literature [20-22,24,28,30-32,56-58,60-65,67,68,74-76], the maximum energy of a 
 
supercapacitor is calculated using the equation E=½CV2. Another method to 
 





not much difference using either equation, but as the linearity of the discharge curve 
 
reduces, the energy calculated based on the integral becomes more accurate [53]. 
 
Furthermore, a useable energy factor (75%) may be applied to correct the calculated 
 
values even further [53]. The power of a device can be estimated by using a relation 
 
many authors in the scientific literature use [20,21,24,28,30-32,56,57,60-65,67,68,75,76]: P=E/∆t, 
 
where ∆t is the discharge time. This relation gives a mean available power. It should 
 
be noticed that subtracting the initial voltage drop from V in E=½CV2 calculation 
 
yields more accurate results. However, many authors ignore this fact 
 
[20-22,24,28,30,32,56-58,60-65,67-68,75,76]. Furthermore, no industrial standard uses this relation [53]. 
 
Instead, the equation for the power dissipated by a resistor is used: P=V2/R (where R 
 
is the device ESR) but with correction factors, depending on the standard [53]. For 
 
example, Nesscap, Ioxus and IEC suggest [53] the equation P=0.12V2/R [e.g. 22] and the 
 
chinese standard recommends the equation P=0.25V2/R [e.g. 58]. These equations yield 
 
higher power values, which are closer to the maximum power achievable by the 
 
device. Furthermore, IEC recommends the use of RSS as resistance value. RSS is 
called stationary state resistance and it is calculated by extrapolating the linearized 
discharge curve up to its value at t=0 (beginning of discharge). RSS values are always 
bigger than ESR values. To calculate the energy density or power density, the energy 
or power values should be divided by the factor δ, where δ is the whole device 
weight, area or volume. 
 
 
1.6.4 Comments on supercapacitor performance evaluation 
 
 
Although there are industrial standards for supercapacitor performance 
 
evaluation, most authors do not follow any standard but combinations of such 
 
standards or just rules of thumb [20-24,28-32,55-69,74-76]. As seen, in previous sections 
 
capacitance, ESR, specific power, specific energy and cycling stability are a function 
 
of the applied current and voltage window. As expected, many authors report the 
 
performance metrics with the lowest tested discharge currents in GCD experiments 
 
or lowest sweep rates in CV experiments in order to report the best result obtainable 
 
with their experimental setup. In such sense, although most results are not 
 





should take these results considering all the data provided. Examples of factors that 
 
should be regarded for a detailed inspection are: electroactive material mass loading 
 
in the electrodes (recommended to be above 5 mg cm-2 [72,77]), cycling stability and 
 
voltage operation, equivalent series resistance and device sizing (area, thickness and 
 
volume). However, many papers do not present all this information, making a detailed 
 
comparison sometimes impossible. 
 
 
1.7 Double-layer capacitance 
 
 
The double-layer capacitance behaves differently from that of a parallel plate 
 
capacitor for three reasons. First, in a double-layer one of the parallel plates faces is 
 
formed in an electrolyte solution and ionic charges in solution are subject to brownian 
 
motion, giving rise to what is known as “diffuse layer”. Second, specific adsorption of 
 
ions may occur at the electrode surface. Finally, faradaic processes may arise in 
 
solvated electrodes even at low voltages (< 1 V), deviating them from the ideally 
 
polarizable behavior. Regarding ideally polarizable electrodes, the double-layer 
 
capacitance is a sum of its Stern component and its diffuse layer component and can 
 
































Figure 8: Representation of the potential drop (solid black curve) as a function of the 
 
distance to the electrode surface. From the potential value at the electrode surface 
 
(ψM), to its value in the Stern layer (ψS) and the bulk solution (ψB). The total 
double-layer capacitance (C) is a series sum of its stern component (CS) and its 
diffuse component (CD). 
 
 
It is important to notice that the Stern component of the double layer 
 
capacitance is proportional to ε/d, a ratio between the absolute solvent permittivity 
 
and the Stern layer thickness (as in a parallel plate capacitor) while the diffuse 
 
component is proportional to hyperbolic cosine of the electrode potential [78]. The 
 
profile of the potential drop across the diffuse layer therefore is of no importance to 
 
the latter component. Finally, the specific adsorption of ions of opposite charge to the 
 
electrode surface (e.g. hydronium adsorption onto oxygenated functions of ACs), 
 










Adsorbed neutral polymers can influence the double layer at an interface [79]: 
 




(b) by changing the profile of the diffuse layer. 
 
From these effects, (a) is more relevant, since the diffuse layer capacitance is 
 
of little importance in comparison to the Stern layer capacitance in conditions of high 
 
electrolyte concentration (as in supercapacitors). At the same time, changing the 
 
double layer profile has little influence over the double layer capacitance because this 
 
value is a function of the potential drop but not of the potential distribution. 
 
Neutral polymer molecules can displace adsorbed ions and cover 
 
micro/mesopores of activated carbon, hindering ion penetration and reducing the 
 
activated carbon effective area, decreasing the double layer capacitance. In the 
 
diffuse layer, the excluded volume of the polymer alters the charge distribution 
 
(Figure 9). As discussed previously, the charge distribution does not change the 
 
diffuse layer capacitance, as long as the total charge remains constant. However, in 
 
a condition where the interphase potential is constant, there is a reduction in the 
 
surface charge density [80]. 
 
Other effects that neutral polymers may cause in the double-layer charge 
 
density are [80]: 
 
(c) changing the double-layer dielectric constant and thickness; 
 
(d) changing the potential drop within the Stern layer; 
 
(e) changing the ionization profile of surface groups on the electrode. 
 
 
In aqueous electrolytes, water adsorbed to the electrode acts as the capacitor 
 
dielectric (Figure 8). Water has a relative permittivity of 80.1 [81] (down to ~ 3 when as 
 
a saturated dielectric [78]) and a van der waals radius of 1.38 Å [82]. β-D-glucose, the 
 
cellulose monomer, reduce the water relative permittivity down to 75.82 (at a 
 
concentration of 5 g L-1) [83] and have a minimum molecular diameter of 12.15 Å[82]  





direct relation between the solution permittivity and the permittivity in the Stern layer, 
 
a capacitor whose dielectric is a dilute β-D-glucose solution would have 
 
approximately 10 % of the capacitance from its water-as-dielectric counterpart. 
 
Higher polymer coverages are expected to expand the Stern layer even further, 
 
increasing the distance between electrode and electrolyte charges further reducing 
 






















Figure 9: Representation of a negatively charged electrode and a random 
 
distribution of ions across the diffuse layer, the solution volume is represented by the 
 
grid in the background. As parts of a polymer chain adsorb to the electrode surface, 
 
part of the volume initially available to the ions is now occupied by the polymer chain. 
 
A decrease in degrees of freedom reflects in a decrease in the ions entropy and 
 
consequently an increase in their free energy. 
 
 
The effect of (d) can be either an increase or decrease in the surface charge 
 
density and consequently the Stern double-layer charge. Recalling figure 8, let us call 
 
∆ψ the potential drop from its value at the electrode surface (ψM) to its value at the 
Stern layer (ψS). ∆ψ is a function of the adsorbed ionic charges (∆ψi) but also from 
the oriented dipoles of adsorbed water (∆ψd) molecules. Adsorption of a neutral 
polymer reduces ∆ψi as a result of charge displacement and ∆ψd as a result of water 





the surface would generate a new potential drop ∆ψp. ∆ψ therefore depends on ∆ψi, 
∆ψd and ∆ψp and the sign of these potential drops depend on the electrode surface 
charge, the polarity and quantity of adsorbed units, the degree of polymer adsorption 
(which influences the number of displaced ions and water molecules), being difficult 
to determine without any experimental background. 
Finally, specific adsorption of groups of the polymer could compete with 
electrolyte ions: (e). Cellulose hydroxyls, for example, could compete with hydronium 
ions for oxidized groups (through hydrogen bonding) at the surface of the carbon 
electrode, reducing the number of specifically adsorbed ions. In conclusion, cellulose 






Most papers on supercapacitors based on cellulosic matrices report the use of 
 
carbon nanotubes and graphene as electrode materials [9]. However, the large-scale 
 
production of such materials at low cost is still a challenge [84,85]. This work proposes 
 
the study of a new platform of production of non-metallic conductors as a means to 
 
produce supercapacitive electrodes. This platform is based in previous studies, 
 
publications and patents of our research group. It begun with the invention of a 
 
repulpable cellulosic adhesive, based on an aqueous alkaline cellulose solution [86,87]. 
 
This solution can also disperse graphite in aqueous media. In the presence of 
 
cellulose, the dispersed graphite is exfoliated, allowing the production of graphene 
 
[88,89]. These dispersions act as coatings for cellulosic substrates, allowing the 
 
production of conductive paper films with sheet resistance as low as 0.3 Ω ◻-1. 
 
Hereby, supercapacitor devices were assembled with electrodes prepared by coating 
 
filter paper with dispersions of activated carbon, graphite and cellulose. The 
 





2. Materials and methods 
 
 
The manufacturing and testing of supercapacitors produced in this work 
 



























Figure 10: Steps followed in this work for supercapacitor manufacture and test. 
 
 
The nomenclature used to refer to the prepared dispersions and their 
 
compositions are described in the table 4. The same nomenclature will be used to 
 





Table 4: Compositions of the prepared dispersions and abbreviations used to refer to 
 
these dispersions as well as to the films prepared from these dispersions, method 
 
used to apply the dispersion onto filter paper and whether the resulting films were 
 














































































































































In order to prepare the graphite and activated carbon dispersions and its films, 
 
the following reagents and equipments were used: 
 
 




● Graphite, reagent grade, supplied by Extrativa Metal Química S.A. (Grafite do 
 
Brasil), Maiquinique, BA. The used product (C99,98/100) has the following 
 
characteristics: %C 99,98 (min), %H2O 0,5 (max) % ashes 0,02 (max) and 
maximum retention of 20% in a mesh screen of 100 mesh (149µm pore size). 
● 50 % (m/m) Sodium hydroxide solution (technical grade) supplied by Labsynth 
(Diadema, SP). 
● Activated carbon powder supplied by Vetec (Sigma Aldrich), code V000159. 
 
● Filter paper (80 g.m-2 grammage) manufactured by Fitec Indústria e Comércio 





● pH-indicator paper (Merck). 
 
● Mechanical stirrer model MA-039T, Marconi Equipamentos para Laboratório 
 
Ltda (Piracicaba, SP), equipped with a pitched blade impeller. 
 




● Digital micrometer, Mitutoyo. 
 
● Digital multimeter, Fluke model 115. 
 
● Analytical balance, Marte model AM-220. 
 
● Flit hand sprayer, Guarany model 0320.21.50P. 
 
● Polypropylene 1 L flasks, NalgonⓇ model 2335. 
 
 
The following equipments were used in the analysis of the supercapacitors 
 
capacitance and equivalent series resistances: 
 
 
● Digital current source, Keithley model 2410. 
 
● Data acquisition device, National Instruments model NI USB-6009. 
 
● Thermohygrometer, Minipa model MHT-1380. 
 
● Thermostatic bath, Cole-Parmer model Polystat 12101-20. 
 
● Potentiostat AUTOLAB Metrohm AG PGSTAT302N interfaced by the software 
 
NOVA 2.1 - Metrohm. 
 
● High vacuum coating system, Bal-Tec model Med 020. 
 
 
2.1. Preparation of the aqueous cellulose solution 
 
 
Aqueous cellulose solutions with a total weight of 880 g were prepared with 
 
different compositions to be used as dispersant of graphite and activated carbon: 
 
A. 140 g of 50% NaOH solution, 50 g of microcrystalline cellulose and 
 
690 g of deionized water. 
 
B. 140 g of 50% NaOH solution, 20 g of microcrystalline cellulose and 
 
720 g of deionized water. 
 
These solutions were prepared by adding the 50% NaOH solution to 
 





to 4oC in a freezer (taking around two hours) and put in a beaker inside an ice bath. 
 
The microcrystalline cellulose was added to the beaker in small portions (~ 5 g each) 
 
and under constant agitation at 850 rpm. Each microcellulose portion was added 
 
once the previous was visually dissolved. The total addition time was of 
 
approximately 45 minutes. As soon as the dissolution process was completed, the 
 
resulting solution was stored in polypropylene 1 L flasks, inside a fridge and they are 
 
stable under room temperature. 
 
 
2.2. Preparation of graphite and/or activated carbon dispersions 
 
 
Before preparing the dispersions, the aqueous cellulose solutions were 
 
brought to room temperature in a water bath. The dispersions were prepared by 
 
adding weights of water and carbon materials to the solutions of type A or B 
 
(mentioned in the section 2.1), completing 1 kg of dispersion, as follows: 
 
● 5C10G: 100 g of graphite and 20 g of deionized water were added to a 
 
solution of type A. 
 
● 5C5CA: 50 g of activated carbon and 70 g of deionized water were added to a 
 
solution of type A. 
 
● 2C10G, 100 g of graphite and 20 g of deionized water were added to a 
 
solution of type B. 
 
● 2C10G2A, 100 g of graphite and 20 g of activated carbon were added to a 
 
solution of type B. 
 
● 2C2G10A, 20 g of graphite and 100 g of activated carbon were added to a 
 
solution of type B. 
 
 
All additions of powders were made in portions. The total weight of mixed 
 
powder to be added was divided in 36 portions of equal weight and each portion was 
 
added each 5 minutes, taking 3 hours to complete the whole process. After adding 
 
the total weight of powder, the suspension was kept under agitation for 3 more hours. 
 
The obtained dispersion was stored in polypropylene 1 L flasks at room temperature. 
 







2.3. Filter paper coating 
 
 
One of two different methods of application of the filter paper coating were 
 
used depending on the dispersions viscosities. Less viscous dispersions (with 2% 
 
microcrystalline cellulose) were applied by aspersion while the more viscous 
 
dispersions (with 5% microcrystalline cellulose) were applied by spreading. 
 
 
2.3.1. Aspersion method 
 
 
Filter paper sheets were cut into rectangles of dimensions 12 x 18 cm2 and 
 
fixed to Contact-paper-covered cardboard boards using clamps and binder clips. The 
 
boards were then supported upwards by lab stands inside a fume hood. 
 
A hand sprayer connected to the laboratory nitrogen line was filled with the 
 
liquid dispersions and the nitrogen flow was adjusted as the minimum required for an 
 
homogeneous aspersion of the dispersions. 
 
The application was made over the whole surface of the paper, with care to 
 
avoid accumulation or flowing of liquid over the paper surface. The application 
 
process was repeated 6 times, allowing the film to partially dry for 5 to 20 minutes in 
 
between applications (even though the films were still humid, it was assured that no 
 
visible liquid could be seen). 
 
The films were then dried in a stove at 60oC for 30 minutes. After cooling down 
 
to the room temperature, the films were washed in baths of 3 L of deionized water for 
 
10 minutes. The washing process was repeated three to four times, depending on 
 




Finally, the films were fixed to glass plates using binder clips and dried in a 
 
stove at 80oC for 30 minutes. Once dry, the films were allowed to cool down to the 
 







2.3.2. Spreading Method 
 
 
Two steel wires of diameter 0,83 ± 0,04 mm were fixed (with 15 cm of spacing 
 
in between them) on the edges of a A4-sized glass plate, forming a frame. A filter 
 
paper was fixed between the wires and the glass plate as shown in the figure 11A. 
 
The dispersion was then uniformly poured over the paper as shown in the figure 11B. 
 
A glass tubing was then used to spread the dispersion and remove any excess of 
 
paste, running across the wires perpendicularly as shown in figure 11C. The process 
 
was repeated in both directions as shown in figure 11D. The method of washing and 
 
































Some films were calendered, aiming a reduction in thickness and sheet 
 
resistance. The calender cylinders were adjusted to have the minimum spacing 
 





stacked on the films back to increase the paper pile thickness. The films were then 
 
calendered once, with the paper coating facing the calender roll. 
 
 





The dry films prepared in the step 2.3 were cut into electrodes of dimensions 
 
3 x 3 cm2 using a guillotine paper cutter, and their weights were measured on an 
 
analytical balance. Additionally, the films sheet resistances were measured using the 
 
apparatus shown in the figure 12. In this apparatus, adhesive copper straps act as 
 
contacts, connected to the multimeter in resistance measurement mode. The copper 
 
straps are folded around an acrylic bar spaced by 2.5 cm. The acrylic is pressured 
 


















Figure 12: Apparatus used in the measurement of the sheet resistance (Ω/ ) of the 
 
films. It consists of a multimeter (resistance measurement mode) with each of its 
 
terminals connected to symmetrically spaced copper straps folded around an acrylic 
 
square bar. In between the copper straps a square of 2.5 x 2.5 cm2 allows the 
 
measurement of the sheet resistance of a flat film, as one presses the acrylic bar 
 
against the film. 
 
 









2.4.2 Scanning electron microscopy of the films 
 
 
2C2G10A-Non and 2C2G10A-Non-Aged films prepared with as-prepared 
 
dispersions and with six months old dispersions were analysed in a FEI - Quanta 250 
 
FEG scanning electron microscope. An electrically conductive double-sided adhesive 
 
tape (Carbon conductive tape, TedPella #16073) was used to fix the samples and 
 
provide electrical contact with the aluminum stub. The images were obtained using 
 
secondary electron detectors (ETD) and an electron accelerating voltage of 10 kV. 
 
 
2.5. Immersion of the electrodes in the electrolyte solution 
 
 
Before assembling the supercapacitors for testing, the electrodes were 
 
immersed in a 1 mol L-1 sulfuric acid electrolyte solution for ten minutes. The excess 
 
liquid was drained from the films and the film weight was measured again, allowing 
 
the determination of the incorporated electrolyte weight. After electrolyte 
 
incorporation, the supercapacitor were assembled. 
 
 
2.6. Supercapacitor assembly 
 
 
2.6.1 Current collectors 
 
 
The supercapacitor current collectors were developed by depositing gold onto 
 
polypropylene plates by evaporation under high vacuum. The coating system was set 
 
to the function of evaporation (8V) with a distance between the target and the 
 
substrate holder of 3 cm. The evaporation process was started as soon as the 
 










To test the symmetric supercapacitors two squares of matching films were 
 
adjusted with their backs facing each other, inside a sealed acrylic casing designed 
 
as shown in figure 13. This acrylic casing contains a VitonⓇ O-ring to seal its contents 
 
preventing evaporation of the water from the electrolyte solution. The casing design 
 
allows the collector plates to fit in a concave square shape facing each other without 
 
applying pressure against the films. A small square plate of bronze was used to 
 
protect the gold from scratching as a brass bolt was screwed to finish the electrical 
 
contact between the collectors and the outside of the casing. Finally crocodile clips 
 
were used to interface the bolts with a potentiostat or current source. Whenever the 
 

















Figure 13: Acrylic case used to seal the supercapacitor from the ambient and allow 
 
electrical contact between the current collectors and the casing exteriors. 
 
 
2.7. Supercapacitor testing 
 
 
The supercapacitor capacitances were evaluated from both cyclic voltammetry 
 
at different scan rates and galvanostatic charge and discharge cycles (GCD) at 
 
different current densities, while the equivalent series resistances (ESR) were 
 
evaluated from the GCD curves. The leakage resistance (Rleak) of the supercapacitors 





The GCD experiments were made using the apparatus described in the figure 
 
14. It consists of a sealed aluminum box connected do a nitrogen line that keeps the 
 
humidity of its interiors close to zero. A thermostatic bath pumps water through a 
 
copper coil placed inside the aluminum box while a cooler fan generates turbulence 
 
to the gas inside the box, homogenizing the temperature. The sealed acrylic casing is 
 
placed inside the box and connected as shown in the figure 14 to a 10 Ω resistance 
 
(for current measurements), to the current source and to a terminal of the data 
 
aquisition device for voltage measurements. A thermohygrometer placed inside the 
 




















Figure 14: Representation of the circuit and components of the GCD apparatus. 
 
 
The cyclic voltammetry (CV) experiments were held by connecting the 
 
crocodile clips attached to the sealed casing to the potentiostat. Working electrode 
 
was connected to one of the supercapacitor poles while reference and counter 
 
electrodes were short-circuited into the opposing pole (Figure 15). Two different 
 
experiments were made. One of the experiments had a fixed voltage range of -0.01 V 
 
to 0.8 V, and the supercapacitor was cycled with sweep rates of 10 mV.s-1, 20 mV.s-1, 
 
50 mV.s-1, and 100 mV.s-1. The other experiment had a sweep rate fixed at 50 mV.s-1  
and voltage ranges ranging between a minimum of -0.01V and maximum (cut-off) 
 




























Figure 15: Representation of the circuit and components of the CV experimental 
 
apparatus. W - Working electrode; C - Counter electrode; R - Reference electrode. 
 
 
Experiments of a thousand consecutive galvanostatic charge and discharge 
 
cycles were held using the potentiostat interfaced with the NOVA 2.1 software. The 
 





2.8. Data analysis 
 
 
All the gathered data was treated and analysed using the software MATLAB 
 




















Figure 16: Simplified equivalent circuit of a supercapacitor, with an equivalent series 
 
resistance (ESR) and a leakage resistance (representing the self-discharge process). 
 
 
In order to analyse the capacitance of the supercapacitors from the GCD 
 
experiments, the raw data had to be subdivided into vectors containing the discharge 
 
curves for each discharge cycle. The discharge curves were then fitted as 
 
polynomials of degree one and their slopes (dV/dt) were used in the following 
 
formula. 
C = − i/ ( dt ) 
 
 
To subdivide the raw data into vectors containing the discharge curves, the 
 
function [y, x] = findpeaks(‘str’) was applied to the GCD data (‘DATA’) with a peak 
 
threshold of 0.1V. This process allowed the identification of the points immediately 
 
before the beginning of the discharge curve (‘[pks1, locs1]’). To identify the last point 
 
of each discharge curve (‘[vls1,vlocs1]’), the function was applied to the negative of 
 
the data (‘-DATA’). The first and last 11 points of each discharge curve was 
 
disconsidered for the purposes of capacitance calculation as being nonlinear regions 
 
of the curve would lead to virtually high capacitances with high variance. An empty 
 
matrix (‘M’) was then filled with data gathered in a for loop that subdivided the original 
 
data into the discharge curves (‘disccurv’) and put each of them in a matrix column. 
 
For each of these columns a polynomial fit (‘p’) of degree one was made and the 
 
slope (‘CP’) was used in the calculation of the capacitance. The calculation process 
 
is detailed in the MATLAB code (attachment 1). 
 
The gravimetric capacitance of the supercapacitors was then calculated by 
 





multiplying this value by the factor of 4 (reason for this correction stated in section 
 
1.6.1). The weight of deposited material was estimated by subtracting the average 
 
weight of two filter papers of 3 x 3 cm2 (0.130 ± 0.005 g) from the sum of the dry 
 
electrodes weights. Areal capacitance was calculated by dividing the device 
 
capacitance by its area of 9 cm2. Volumetric capacitance was calculated by dividing 
 
the device capacitance by its volume (9 cm2 multiplied by two times the electrode 
 
thickness). Gravimetric areal and volumetric capacitance results are presented based 
 
on an estimation of volumetric proportion of materials present on the paper surface. 
 
Such estimative was made by dividing the weight proportion of each material present 
 





Table 5: Volumetric proportion of cellulose, graphite and activated carbon for each of 
 











2C10G 1.0 3.4 --- 
2C10A 1.0 --- 3.8 
5C10G 1.0 1.4 --- 
5C5A 1.3 --- 1.0 
2C10G2A 3.4 4.4 1.0 
2C2G10A 1.5 1.0 5.6 
 
 
The equivalent series resistances of the supercapacitors was calculated from 
 
the GCD data by dividing the voltage gap at the moment of current polarity inversion 
 
(first 10 ms) by the applied current using the following formula. 
 
 
E.S.R. = ∆V / i 
 
 
In order to analyse the capacitance (CT) of the supercapacitors from the CV 
experiments, the current as a function of potential was integrated over the entire 









∫ i(V ) dV 
2 r ∆V 
 
 
Where r is the scan rate, and Vmax is the voltage range of the experiment. 
 
 
The integration was done using the trapezoidal rule encoded in the MATLAB 
 
function z = trapz (x,y). From the CT, the areal capacitance is calculated by dividing 
CT by the device area of 9 cm
2. 
The power and energy densities of the 2C2G10A-Non prototype (prepared 
from a six months old dispersion) were calculated using the following formulae, for 
the rated voltages of 0.8 V and 1.6 V operating at 50 mV.s-1, considering the device 
weight as the sum of two average film weights (with electrolyte), the device area of 9 
cm2 or its volume (9 cm2 multiplied by two times the electrode thickness): 
 
 
























Where δ is the device weight, area or volume, R is the device ESR measured 








3.1 Results of the characterization of the films 
 
 
Table 6 contains the average and standard deviation (n = 10) of the coated dry 
 
film weights, thicknesses and sheet resistances as a function of the composition of 
 
the dispersions applied to the films. 
 
 

























47.4 ± 0.1 
 
0.200 ± 0.008 
 
0.133 ± 0.003 
 




7.45 ± 0.07 
 
0.128 ± 0.006 
 
0.123 ± 0.006 
 




2268 ± 111 
 
0.28 ± 0.01 
 
0.119 ± 0.003 
 




1130 ± 35 
 
0.25 ± 0.04 
 
0.212 ± 0.007 
 




9x106 ± 2x105 
 
0.26 ± 0.02 
 
0.137 ± 0.004 
 




230 ± 1 
 
0.24 ± 0.01 
 
0.12 ± 0.01 
 




11 ± 4 
 
0.137 ± 0.007 
 
0.13 ± 0.01 
 




1706 ± 41 
 
0.35 ± 0.02 
 
0.158 ± 0.002 
 




786 ± 177 
 
0.346 ± 0.007 
 
0.153 ± 0.004 
 




1777 ± 388 
 
0.31 ± 0.03 
 
0.16 ± 0.01 
 













Dispersions with 10% (w/w) of graphite yielded films with the lowest average 
 
dry sheet resistances and the lowest thicknesses. In this cases, calendering resulted 
 
in a significant reduction of the sheet resistance. 
 
Films prepared with the 5C10G dispersions have had the highest weight of 
 
deposited material but without significant change in the weight after electrolyte 
 





in comparison with their 2C10G counterparts (~ 2 orders of magnitude). 5C5A films 
 
had the highest sheet resistance and 2C10A, the second highest values yet 3 orders 
 
of magnitude lower than the former. 
 
2C2G10A-Non-Aged films presented a decrease in sheet resistance average 
 
and but an increase in standard deviation values when compared to the 
 
2C2G10A-Non counterparts. For the same films, average thickness, dry film weight 
 
and weight with electrolyte remained unaltered within the error margin. 
 
 
3.2 Gravimetric, areal and volumetric capacitances calculated from GCD data 
 
 
Figure 17 presents a primary result of a GCD experiment for a 2C2G10A-Non 
 
device. With the applied currents (10 mA, 20 mA, 30 mA) and the fitted curve angular 
 
coefficients (a10 mA= - 4.02 mV s
-1 , a20 mA= - 8.46 mV s
-1, a30 mA= - 13.18 mV s
-1) one 
can calculate the devices capacitances using the relation C = - i / (dV/dt), arriving at 
the values: C10 mA= 2.49 F; C20 mA= 2.36 F; C30 mA= 2.28 F. From the ohmic drops at the 
beginning of the discharge (Ωdrop10 mA     = 11.9 mV; Ωdrop20 mA     = 24.7 mV; 
Ωdrop30 mA = 37.6 mV) divided by the applied discharge currents, one can calculate 
the device ESR using the relation Ωdrop = R * i, arriving at the values: R10 mA= 1.19 Ω; 

























Figure 17: Results of a GCD experiment with a 2C2G10A-Non device, showing the 
 
charge/discharge currents, the fitted discharge curves in red, their inclination ‘a’, and 
 
the ohmic drop ‘Ωdrop’ at the first 10ms of discharge. 
 
 
The same procedure described above was used to calculate the devices 
 
capacitances as a function of the applied current for the different electrode 
 
compositions (Figure 18). In figure 18 the capacitance of the assembled 
 
supercapacitors is displayed on different bases. Gravimetric capacitances and 
 
current densities were calculated based on the estimated weight of material 
 
deposited onto the electrodes (section 2.8). Areal capacitances were calculated 
 
based on the electrode area of 9 cm2. Volumetric capacitances were calculated 
 






















































Figure 18: Gravimetric, areal and volumetric capacitances of the symmetric 
 
supercapacitors as a function of the applied current density, obtained from GCD 
 
experiments. Stars represent non-calendered films while squares represents their 
 
calendered counterparts. x:y:z C:G:A stands for the estimated volumetric proportions 
 





From these results one can observe a few important effects of formulation and 
 
calendering on the supercapacitors performances: 
 
1. Rising the cellulose content from 2% to 5% in the dispersions with 10% (w/w) 
 
of graphite increased the volumetric and areal capacitances of the devices by 
 
almost an order of magnitude. The gravimetric capacitance, under the same 
 
conditions increased by around 20%. 
 
2. Calendering the electrodes prepared with the 2C10G2A dispersions increase 
 
their capacitance in every considered metric. For the devices prepared with 
 
2C10G dispersions, calendering cause an increase in volumetric capacitance 
 




3. Maximum capacitance was achieved by the supercapacitors assembled with 
 
electrodes based on the dispersion 2C2G10A. Supercapacitors assembled 
 
with non-calendered electrodes made with the aforementioned dispersion 
 
showed higher gravimetric and areal capacitances. Calendering had no 
 
significant effect in the volumetric capacitances. 
 
4. While devices prepared with 2C10A dispersions showed higher gravimetric 
 
capacitance at lower current densities, the 2C2G10A dispersions allowed for 
 
sustained gravimetric capacitances at higher current densities. Areal and 
 
volumetric capacitances show an increase at every tested current density 
 
when comparing devices prepared with 2C10A dispersions to devices 
 
prepared with 2C2G10A dispersions. 
 
 
3.3 Equivalent series resistance (ESR) 
 
 
From the GCD data, the equivalent series resistances of the symmetric 
 
supercapacitors were evaluated for each kind of film used as demonstrated in the last 
 





Table 7: Equivalent series resistance of the assembled supercapacitors. The data 
 
was evaluated from GCD data for each kind of film produced in this work. 
 
 
3 x 3 cm2 film ESR [Ω] 3 x 3 cm2 film ESR [Ω] 
2C10G-Non 30 ± 7 2C10G2A-Non 4.6 ± 0.1 
2C10G-Cal 32 ± 9 2C10G2A-Cal 4.7 ± 0.2 
2C10A 4 ± 1 2C2G10A-Non 1.1 ± 0.2 
5C10G 14 ± 9 2C2G10A-Cal 3.4 ± 0.5 
5C5A 4.6 ± 0.1 2C2G10A-Aged 1.4 ± 0.4 
 
 
Table 7 shows that the films with the smallest equivalent series resistances 
 
were those of dispersion composition 2C2G10A, followed by 2C10G2A and 5G5A. 
 
Dispersions containing only graphite in their compositions yielded films with higher 
 
ESRs. Devices prepared with aged suspensions have shown an increase in the 
 





3.4 Cyclic voltammograms and calculated areal capacitances 
 
 
Non-calendered films made from 2% cellulose, 2% graphite, 10% activated 
 
carbon dispersions, were submitted to cyclic voltammetry experiments under different 
 
conditions: varying the sweep rate and maximum sweep voltage. New dispersions 
 
and films (2C2G10A-Non) were prepared using the methods described in the 
 
sections 2.1 to 2.6. Supercapacitors were assembled using suspensions as soon as 
 
they were prepared as well as 6 months old suspensions (2C2G10A-Non-Aged) and 
 
the results from their cyclic voltammetries are shown in the figures 19 and 21. The 
 
capacitances calculated from the cyclic voltammetries using the integral method 
 






































Figure 19: Cyclic voltammograms with increasing sweep rates obtained from 
 
supercapacitors assembled from A/C. 2C2G10A-Non, as-prepared suspensions and 
 
B/D. 2C2G10A-Non-Aged, six months old suspensions. Counter electrode and 
 
reference electrode were short-circuited with one of the supercapacitor poles and 
 




























Figure 20: Areal capacitance of the 2C2G10A-Non and 2C2G10A-Non-Aged 
 
symmetric supercapacitors calculated from the cyclic voltammetry integrals as a 
 
function of the scan rate. 
 
 
Figures 19 and 20 show that the capacitance of the films prepared with 6 
 
months old suspensions produce supercapacitors of higher capacitance, at all sweep 
 
rates. Both supercapacitors have an ideal capacitive behavior at scan rates lower 
 
than 20 mV.s-1, 2C2G10A-Non-Aged show quasi-rectangular shape up to 
 
50 mV s-1 and the areal capacitances of these supercapacitors are smaller as the 
 






































Figure 21: Cyclic voltammograms at a sweep rate of 50 mV.s-1 with increasing 
 
maximum voltages obtained from supercapacitors assembled from A/C. 
 
2C2G10A-Non, as-prepared suspensions and B/D. 2C2G10A-Non-Aged, six months 
 
old suspensions. Counter electrode and reference electrode were short-circuited with 
 






























Figure 22: Areal capacitance of the 2C2G10A-Non symmetric supercapacitors 
 
calculated from the cyclic voltammetry integrals as a function of the voltage cut-off. 
 
 
At varying voltage cut-offs one can observe the ideal capacitor behavior at 
 
cut-offs lower than 1.3 V and the appearance of faradaic peaks at higher voltages. 
 
Furthermore, supercapacitors prepared with six months old suspensions (figure 21 
 
B/D) presented faradaic peaks in both charge and discharge processes. During the 
 
charge processes, the current peaks were shifted to more positive values as the 
 
cut-off voltage was increased. For example, for the curve of 1.5 V cut-off, at 1.5 V the 
 
current is 26 mA while for the curve of 1.9 V cut-off, at 1.5 V the current is 20 mA. 
 
During the discharge processes, the current peaks between 0.5 V and 0 V increased 
 
with the voltage cut-off values. 
 
Maximum areal capacitance was achieved at a voltage cut-off of 1.4 V for the 
 
supercapacitors prepared with as-prepared suspensions, while supercapacitors 
 
prepared with six months old suspensions showed maximum areal capacitance at a 
 





3.5 Power and energy densities 
 
 
Table 8 summarizes the specific (per kg), areal and volumetric power and 
 
energy of the 2C2G10A-Non-Aged supercapacitor operating at a sweep rate of 
 
50 mV.s-1 and voltage cut-offs of 0.8 V and 1.6 V. 
 
For example, let us consider the 2C2G10A-Non-Aged device operating up to 
 
V = 1.6 V, integrating the voltammogram, one finds a capacitance C = 2.67 F, from 
 
GCD data, its measured ESR is R = 1.4 Ω. The device volume equals its area of 
 
9 cm 2 times two times its thickness (0.0346 cm): 
 
Vo = 9 cm 2 * (2 * 0.0346 cm) = 0.623 cm 3. 
 
This device stores a maximum amount of energy: 
 
E =½ C V2 = 0.5 * 2.67 * 1.62 = 3.42J = 9.5 10-4 W h. 
 
Therefore its energy density is: 
 
Ed = E / Vo = 9.5 10-4 / 0.6228 = 1.5 mW h cm -3  
Its maximum power is: 
 
PMAX = 0.25 V
2 / (R * Vo) = (0.25 * 1.62) / (1.4 * 0.623) = 0.75 W cm -3 
Its rated power is: 
P0.12= 0.12 * V
2 / (R * Vo) = 360 mW cm-3 
 
And its power relative to the discharge time (∆t = 1.6 V / 50 mV s-1 = 32 s) is: 




Table 8: Summary of calculated energy and power for 2C2G10A-Non-Aged 
 




2/R and Ptime=E/∆t. ∆t = discharge time. 
 
 
 E (W h) PMAX (W) P0.12 (W) Ptime=E/∆t (W) 
Base 0.8 V 1.6 V 0.8 V 1.6 V 0.8 V 1.6 V 0.8 V 1.6 V 
kg 257 m 1.3 154 618 74 297 58 144 
cm2 21 u 106 u 13 m 51 m 6 m 24 m 5 m 12 m 





From table 8 it is clear that doubling the device voltage cut-off from 0.8 V to 
 
1.6 V increased its energy capability by more than five times. Furthermore, the device 
 
power calculated as a function of its energy rating and discharge time is understated 
 
in relation to industrial standards (e.g. Nesscap). 
 
 
3.6 Scanning electron microscopy 
 
 
Films prepared with 2C2G10A-Non and 2C2G10A-Aged dispersions were examined 
 
by scanning electron microscopy at 10 kV acceleration voltage. Figures 23-25 show the 
 
images of a film prepared with an as-prepared dispersion. Figures 26-28 show the images of 
 





























































Figure 24: Image of an activated carbon particle of a 2C2G10A-Non film with an exfoliated 
 




























Figure 25: Close-up image of the surface of the carbon particle of figure 24 showing 
 



























































































Figure 28: Close-up image of the surface of the carbon particle of figure 27 evidencing the 
 
appearance of mesoporosity. 
 
 
From the scanning electron microscopy images, it is clear that although the structure 
 
of the materials are quite similar in the range of 100 - 50 µm, there is a huge number of 
 
mesopores of 6 - 20 nm on the surface of activated carbon particles 2C2G10A-Non-Aged 
 
films, increasing their surface area. 
 
 
3.7 GCD long-term cycling 
 
 
Devices 2C2G10A-Non and 2C2G10A-Non-Aged were also submitted to long-term 
 
galvanostatic charge and discharge cycling at 50mA (5.56 mA cm2) and their capacitances 
 
and equivalent series resistances were measured for each cycle. A total of 1000 cycles were 
 





























Figure 29: Behavior of capacitance and ESR of 2C2G10A-Non and 2C2G10A-Aged 
 
devices over 1000 cycles of galvanostatic charge and discharge at 5.56 mA cm2. 
 
 
Over a thousand cycles of operation the capacitance of both devices have 
 
increased and their ESRs decreased. For 2C2G10A-Non devices, capacitance 
 
increased by 5% and ESR decreased by 21%. 2C2G10A-Aged devices had an 11% 
 
increase in capacitance and the ESR decreased by 28%. 
 
 




No systematic approach was used to determine the extent of cellulose 
 
hydrolysis in the prepared devices. However, it was observed that if a device was left 
 
assembled for more than three days, as the casing was opened, the electroactive 
 
material was a paste that could easily be removed by gently frictioning a spatula 
 
against the filter paper. If the electrode was left to rest immersed in deionized water 
 
for the same period of time, the electroactive material was still firmly attached to the 
 
filter paper. Furthermore, if the electrodes were left inside the casing for longer 
 





filter paper was brittle. The electroactive material in electrodes left immersed in 
 
deionized water for the same period of time was solid and the filter paper was 
 
flexible. It is important to notice that the devices were still operational before being 
 
disassembled after periods longer than six months, evidencing that although some 
 
extent of binder and separator hydrolysis could be visually detected, such hydrolysis 
 











Tables 9 and 10 report information available in safety data sheets of 
 
commercial supercapacitors [4,25]. 
 
 
Table 9: Comparison of product specifications for two commercial supercapacitors 
 
[4,25]. * Extrapolated data. ** Calculated from available data. 
 
Manufacturer Skeleton Tech. Maxwell  
 
 
Equations used by the 
manufacturers 
Capacitance (F) 1200 1200 
Rated Voltage (V) 2.85 2.7 
Max Voltage (V) 2.85 * 2.85 
ESR (mΩ) 0.22 0.58 
 






Pmax = (0.25 V²) / (ESR * δ) 
 






Puse = (0.12 V²) / (ESR * δ) 
 






Emax = (½ C V²) / (3600 * δ) 
Device mass (kg) 0.253 0.26  
δ = device mass or volume 
Device volume (L) 0.178 0.148 ** 
 
 






Skeleton Tech. Maxwell  
Function 
w % w % 









Activated Carbon - 10-20 Electroactive material 
Carbon Black < 12 - Electroactive material 
Carbon (Not Classified) < 30 - Electroactive material 
Aluminum Proprietary 25-35 Casing/current collectors 
Paper < 7 1-10 Separators 
Cellulose - 0-5 Binder 







Commercial supercapacitors rely on carbons of high specific surface area 
 
(which yield specific capacitances of ~200 F g-1) and organic electrolytes that allow 
 
high rated voltage (i.e. 2.85 V for TEA-BF4 / ACN), thereby optimizing the relation 
between costs and power/energy outputs of their products. It is worth noticing that 
more than ⅓ of a commercial supercapacitor weight comes from its 
electrolyte/solvent and another ⅓ comes from the casing. Therefore, it is important to 
optimize these parameters to achieve high specific power in commercial products. 
For example, Skeleton Technologies rely on a proprietary assembly method [91] allied 
to a proprietary curved graphene/carbon black composite with an aqueous PTFE 
binder [92] to achieve the highest specific power values found in commercial products. 
Maxwell ultracapacitors use smaller quantities of electrolyte (Table 10) and 
graphite/PVDF, cellulose fibers or cellulose derivatives as binders [40-45]. 
Even though Hiratsuka et al point out that cellulose is a binder with poor 
performance (Table 2), Maxwell uses cellulose fibers and derivatives as binders in 
their supercapacitors, evidencing that new technologies made it a viable binder to be 
used in commercial products. Yet, most of the current technologies used to 
incorporate cellulose either rely on derivatizing cellulose or the use of non-aqueous 
solvents [93]. Water-soluble cellulose derivatives such as CMC have low voltage 
operational windows while cellulose does not (as presented in section 1.4). In order 
to manufacture products of higher operational voltages, cellulose is a more fitting 
binder. Alternatives to the use of non-aqueous solvents for cellulose reduce the 
production costs. 
Commercial products are also sold as modules of higher rated voltage. 
Associations of smaller supercapacitors in series are made in these cases. The 
consequent reduction in capacitance can be compensated, if needed, by associating 
more supercapacitors in parallel. 
The energy density of most commercial supercapacitors is low nevertheless, 
and many authors are dedicating their efforts to produce supercapacitors with 
increased energy densities [7,12,33,51,77]. Attachment number 2 is a benchmarking table, 
comparing the performance of supercapacitors in the scientific literature. This table 





reported in the literature on flexible supercapacitors. Devices were sorted into six 
 
categories: flexible supercapacitors in general, supercapacitors of cellulose matrix or 
 
based on cellulose composites and supercapacitors of paper matrix, all three 
 
subdivided into all-carbon devices or pseudocapacitors/hybrids (i.e. including in their 
 
composition, metals, metal oxides and intrinsically conducting polymers such as 
 
polyaniline and polypyrrole). Table 11 shows the best performing devices (by 
 
gravimetric capacitance) reported in the scientific literature classified as in the 
 
attachment 2 table, but including the mass loading and rated voltage of their devices. 
 
 
Table 11: Performance comparison for the best flexible supercapacitors (by 
 
gravimetric capacitance) in the scientific literature, their components, electrolytes, 
 
operational voltages and mass loadings. Power and energy densities are shown on 
 































































































































































































































*The authors report how it is calculated but do not report the value. **Calculated 
 
from reported density and thickness. ***The authors report the electrode mass 
 







Apart from ref 57 and this work, every device presented in Table 11 suffer 
 
from a low mass loading. References 30 and 23 achieve very high energy densities 
 
but do not report mass loading. As Gogotsi and Simon [77] as well as Stoller [72] point 
 
out, materials with high gravimetric capacitance do not translate their rated 
 
performance into large scale devices when a thin film (less than 5 mg cm-2 and 15 µm 
 
thickness) is applied to the given matrix. A clear example of their observations is the 
 
work of Liu, Wang and Yang [28], whose Ni3V2O8@PANI composite has the highest 
reported gravimetric capacitance in the literature of flexible supercapacitors 
(2565.7 F g-1), but comparatively small areal capacitance (58.5 mF cm-2) and areal 
power and energy densities (230 µW cm-2     and 20.8 µW h cm-2 respectively). 
Furthermore, Kang and colleagues [31] assemble a minute hybrid device by coating a 
3D Cu structure with carbon/Ni(OH)2 in one electrode and carbon/Mn3O4 in the other 
electrode. The reported specific power and energies (37 kW kg-1 and 147.9 Wh kg-1 
respectively), do not translate well into areal power and energy densities (calculated 
to be 13 mW cm-2 and 52 µW cm-2 respectively) due to a low mass loading of 
0.35 mg cm-2. 
Wang and colleagues [57] prepare a promising all carbon supercapacitor device 
by submitting carbon cloth to a high temperature annealing process (1h at 1000oC). 
Their device has a mass loading of 15.6 mg cm-2, which reflects in a high areal 
capacitance (2.9 F cm-2) and high gravimetric capacitance 224 F g-1. Yet, operating at 
1 V, their devices have an areal power density of 30 mW cm-2 and areal energy 
density of only 128 µW h cm-2. 
The supercapacitors produced in this work are made using easily available, 
scalable and relatively cheap materials (paper/AC/graphite/cellulose) with 
considerable mass loadings. Graphite is the most expensive material used in the 
production of the supercapacitors in this work and its price averages R$ 18,40 per kg. 
Our electrodes have a mass deposition of 10 ± 6 mg cm-2 of which one sixth is binder 
material. Consequently, compared to other paper-based all-carbon devices, the 
AC/Ex-Graphite/cellulose devices excel in areal capacitance and equivalent series 
resistance (350 mF cm-2 and 1.4 Ω compared to 103.5 mF cm-2 [69] and 8 Ω [24]), even 
though the gravimetric capacitance of the material is low (67 F g-1 compared to 





surpass the power and energy density of PEDOT-paper [67] (172 mW cm-3 against 
 
50 mW cm-3) and polypyrrole-paper [65]     (12 mW cm-2     against 9.13 mW cm-2) 
 
composite devices, even though their volumetric and areal capacitances 
 
(145 F cm-3     [67]     and 3.1 F cm-2 [65]) are higher when compared to our device 
 
(4.5 F cm-3). These works evaluate material capacitance for a single electrode in a 
 
three electrode configuration and evaluate power and energy densities using 
 
assembled devices. In theses cases, internal performance losses that happen when 
 
assembling a devices is not regarded [53,72]. For this reason, their materials is 
 
evaluated to have high capacitance, but the assembled devices show small energy 
 
and power densities. In fact, as observed by Stoller [72], it is more appropriate to 
 
evaluate the capacitance of materials as assembled symmetric supercapacitors for 
 
this reason. Furthermore, the method of power calculation based on the maximum 
 
energy density and discharge time (P=E/∆t) yields a mean available power, but 
 
ohmic losses are expected to reduce their rated power densities (fast-discharge 
 
behavior) since the PEDOT-paper [67] device has an ESR of 6.5 Ω and for the 
 
polypyrrole-paper [65] device the ESR is 4.6 Ω. For example, regarding devices based 
 
on all-carbon cellulose matrices and cellulose composites, Zheng et al [22]  
synthesized carbon aerogels based on cellulose nanofibrils, reduced graphene oxide 
 
and carbon nanotubes and developed all-solid-state supercapacitors with this 
 
composite material. Their supercapacitors presented high gravimetric capacitance 
 
(252 F g-1) but comparatively small areal capacitance (216 mF cm-2, due to the low 
 
mass loading 0.1 mg cm-2) and small areal power and energy densities (9.5 mW cm-2  
and 28.4 µW h cm-2 respectively). The small power reflected the high ESR (10.5 Ω) 
 
and low operational voltage (1 V), since the authors have calculated a rated power 
 
according to the equation P=0.12 V2/ESR. 
 
For a performance comparison with commercial products we shall correct the 
 
Maxwell product specific power, estimating its value without casing and collectors 
 
(situation more similar to the method of rated power estimation used in this work). 
 
Dividing the useable specific power of 5.8 kW kg-1 (table 9) by a value 30% smaller 
 
gives a comparable 8.3 kW kg-1. The power density of the best performing device 
 
(2C2G10A) in this work, calculated with the same equation, is more than an order 
 





gravimetric capacitance is less than half that of commercial products (67.2 F g-1, 
 
compared to 200 F g-1). Its ESR is four orders of magnitude higher (1.4 Ω against 
 
~300 µΩ). However such value is expected to decrease with areal scaling (section 
 
1.6.1). Therefore, to live up to commercial needs, the devices tested in this work 
 
would need to use better-performing activated carbons, higher areal scale sizing and 
 
to use organic electrolytes such as TEA-BF4/ACN, increasing the operational voltage 
from 1.6 V to 2.85 V. 
In this work, a good translation of gravimetric capacitance into areal 
capacitance is shown. It arrives from the high composite mass loading applied to the 
paper matrix, allowed by the cellulose binder. In order to compare the performance of 
our supercapacitors to the literature, the mass loading and device sizing, the 
volumetric, areal and gravimetric capacitances, as well as ESR, rated power and 
energy densities were provided. Yet, as one can see from the table in attachment 2 
and Table 11, that is clearly not the standard and much information is commonly not 
shown or even acquired by the authors. 
 
 
4.2 Effect of suspension aging on supercapacitor performance 
 
 
As observed in the cyclic voltammograms, 6 months old suspensions yielded 
 
supercapacitors with up to 64.3% higher areal capacitance at 10 mV s-1 and small or 
 
negligible change in the ESR. Figure 19 evidences an increase in the capacitive 
 
currents of the supercapacitors prepared with aged suspensions. Clearly, the devices 
 
prepared with aged suspensions present CV with a more rectangular shape at the 
 
same voltage sweep rate of 10 mV s-1 due to their higher capacitances and maintain 
 
a quasi-rectangular shape up to 50 mV s-1. Figure 21 shows the behavior of the 
 
devices at cut-offs higher than 0.8 V. Not only the capacitance values increase for all 
 
voltage cut-offs, but the shape of the voltammograms is altered, with appearance of 
 
faradaic processes at cut-offs higher than 1.3 V. Furthermore, during the discharge 
 
phase, one can see an increase in the area between 0.5 - 0 V, which could be due to 
 
reversible hydrogen oxidation [35,70,71]     but also carbon corrosion. Therefore, the 
 
reversibility of the process should be evaluated by charge-discharge cycling at a 
 





the visible shift in the maximum of areal capacitance as a function of the voltage 
 




There are two hypotheses that could elucidate this aging behavior. which 
 
include distinct mechanisms. First, graphite exfoliation is expected to advance during 
 
dispersant storage [88,89] which would not only increase the surface area of the 
 
composite, but enhance the intercalation of graphite and activated carbon. Second, 
 
the activated carbon present in the dispersions can undergo further oxidation and 
 
activation in alkaline solutions, even at room temperature [94-97]. Oxidation of the 
 
activated carbon surface would be responsible for an increase in hydronium specific 
 
adsorption, increasing the capacitance of the devices. Further carbon activation 
 
would increase its surface area, increasing its capacitance at all voltage windows and 
 
allowing for better hydrogen adsorption. This hypothesis is partly verified in SEM 
 
experiments, as carbon activation with aging produced mesopores on the surface of 
 
activated carbon particles (section 3.6). 
 
 
4.3 Synergistic effects between activated carbon and graphite 
 
 
When the devices prepared with activated carbon or graphite are compared to 
 
those with a mixture of both, one can see a series of performance improvements. 
 
Graphite devices (2C10G) have low capacitances of 60 mF g-1, 950 µF cm-2, 
 
20 mF cm-3 @ 15 µA cm-2 and a high ESR of ~31 Ω. Activated carbon devices 
 
(2C10A) have higher capacitances of 20 F g-1, 250 mF cm-2, 4.2 F cm-3     @ 
 
1.11 mA cm-2 and a smaller ESR of 4 Ω. When these materials are combined 
 
(2C2G10A), however, the areal capacitance and ESR exceeds that of devices made 
 
with either carbon or graphite (350 mF cm -2 and 1.4 Ω respectively). To appreciate 
 
the effect of the mixture on the gravimetric and volumetric capacitances, one should 
 
look at the effect of increase of the current density on the capacitance values (figure 
 
18). While at 1.11 mA cm-2 the activated carbon device has 78 F g-1 and the 
 
composite device has 67.2 F g-1, when at 3.33 mA cm-2 the capacitance of the 
 
activated carbon device is 37.5 F g-1 against 61.3 F g-1 of the composite device. 
 





with the increase in current density is sharper for the devices without graphite in their 
 
composition. This effect has been observed by Zhu et al [98]. In their paper, the 
 
authors argument that activated carbon particles prevent rGO sheets from restacking 
 
improving the surface area of the composite. However, a complete explanation of the 
 
effect, with regards to the variation of capacitance with the applied current, should 
 
combine the decrease in the composite electrical resistance due to the presence of 
 
graphite with the high surface area of the activated carbon. However, this effect 
 
would dependent on appropriate mixing of the components (observed 
 
macroscopically), but also their correct structuration on a microscopic level (which 
 























Figure 30: Diagram of an electrode in contact with the current collector. 
 
 
In this diagram the cellulose binder permeates the material and gives cohesion 
 
to networks of graphite particles, exfoliated graphite particles and activated carbon, 
 
combining the high conductivity of graphite and high surface area of activated 
 
carbon. This network allows a high deposition of electroactive material per area, with 
 
increased electrical contact between carbon particles and current collector, improving 
 
the capacitance of the devices at higher currents. 
 
Finally, to explain the increase in capacitance and decrease in ESR with 
 





as the reasons to minimize the amount of binder material (section 1.4) in 
 
supercapacitors. Mostly, adsorption of neutral, non-conductive polymers (in this case, 
 
the cellulose binder) reduce the capacitance of the EDL and reduce the contact 
 
between particles increasing the ESR. In sulfuric acid, the cellulose chains may suffer 
 
partial hydrolysis (sections 1.4.1 and 3.8). Once partially hydrolysed, cellulose chains 
 
would gain increased mobility over time leaving the carbon surfaces clearer, 
 
increasing the material capacitance and decreasing its ESR. Furthermore, products 
 
of cellulose degradation in sulfuric acid reduce the surface tension of water, 
 
improving the wettability of the activated carbon surfaces, a crucial factor which 
 







An optimization of formulation is recommended since, as presented in the 
 
previous sections, five of its aspects affect the final product performance: the mass 
 
ratio between graphite, cellulose and activated carbon, the presence or absence of 
 
pseudocapacitive materials, the electrolyte, dispersion aging, and film calendering. 
 
The weight ratio of graphite and activated carbon as well as the degree of graphite 
 
exfoliation should determine the presumed structure sketched in figure 30. Increasing 
 
the amount of cellulose binder is expected to increase the extent of exfoliation of 
 
graphite particles but higher amounts may reduce capacitance and increase ESR 
 
(see sections 1.4 and 1.7.1). Therefore, the weight ratio of cellulose should be 
 
optimized. The source material of the activated carbon and the size of graphite 
 
particles will influence the final product structure and therefore, its capacitance, sheet 
 
resistance and ESR. Activated carbons of higher specific capacitance should 
 
increase the overall performance of the devices. Incorporation of pseudocapacitive 
 
materials, stable in alkali medium can be easily implemented, using the procedures 
 
described in this work. Non-aqueous electrolytes are a standard in commercial 
 
products and their implementation should be tested. As seen in the results, 
 
calendering the electrodes may affect the performance positively or negatively and 
 
should be tested case-by-case. Finally, dispersion aging increased the electrodes’ 
 
capacitances and reduced their sheet resistance but increased their ESR. As 
 
presented in section 1.1.1, the pore size distribution is a key factor to increase 
 
supercapacitors capacitance. The carbon activation seen in this work was positive to 
 
the devices performances. However, further corrosion of activated carbon surfaces 
 
may increase the mean pore size up to macropores, reducing their capacitance [13]. It 
 
is not known how and to what extent aging affects the carbon structure in the long 
 
term. Therefore, the effects of dispersion aging should be examined carefully to 
 
ensure optimal pore size distribution. Optimizing the mentioned aspects of the 
 
product formulation and production processes is a compromise between each 
 
parameter of the resulting supercapacitor performance and efforts should take into 
 
consideration which responses are expected from an optimal product (i.e. areal, 
 
gravimetric and volumetric capacitances, ESR, power and energy densities, 
 








This work has shown the viability of all-carbon paper-based supercapacitors 
 
with significant areal density of electroactive material. The manufacturing steps used 
 
in this work are scalable, use low-cost materials and processes. This method may be 
 
extended to include the incorporation of pseudocapacitive materials, as long as they 
 
are compatible with the aqueous alkaline solution utilized as dispersant. 
 
Increasing the weight ratio of cellulose from 2% to 5% in dispersions used to 
 
prepare graphite-only devices increased their capacitance from 0.9 mF cm-2 to 
 
8.5 mF cm-2 and reduced their ESR from 32 Ω to 14 Ω. This effect may be attributed 
 
to an alleged increase in the exfoliation of graphite particles, increasing the specific 
 
surface area of the electrode material. 
 
A mixture of graphite and activated carbon in the electroactive material has 
 
positive impact on the device performance. Addition of graphite to activated carbon 
 
devices increased their capacitance from 250 mF cm-2 to 350 mF cm-2 , reduced the 
 
ESR from 4 Ω to 1.4 Ω and allowed operation at higher current densities without 
 
significant capacitance loss. 
 
Dispersion ageing increased the areal capacitance of devices up to 64% and 
 
allowed operation at higher sweep rates without distortion from the ideal capacitor 
 
behavior inside a 0.8 V operational window. This performance enhancement can be 
 
explained by the generation of mesopores in activated carbon particles with ageing in 
 
alkaline solution and by the exfoliation of graphite particles over time, improving the 
 
percolation of the exfoliated graphite and contacting activated carbon particles. 
 
Over a thousand cycles of operation, devices showed further increase in 
 
capacitance and reduction of ESR which could be related to cellulose hydrolysis in 
 
H2SO4 solution, leading to clearer activated carbon and graphite surfaces. 
 
Compared with paper-based all-carbon devices, the supercapacitors 
presented in this dissertation show areal capacitance more than three times higher 
than the best results in the current literature [69] and an ESR almost six times smaller 
[24]. This is an exceptional performance, which could be further improved with the use 
of high-performance activated carbons, neutral aqueous or non-aqueous electrolytes 
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dd zeros to match vector sizes (whenever there is one minimum value less than the 
vector sizes will not match, giving artifact problems with the calculations) maxima, the
 
%% 
% Defines the discharge curves and add them to a matrix
 



















%Find_VALLEYS (peak threshold = 0.1V) 
[vls1, vlocs1]=findpeaks(-DATA,'MinPeakProminence',0.1); 
% sums 11 points to the positions of the maxima 
%Find_PEAKS+11 (Based on former results, e.g .pks1)
locs11=locs1+11; pks11=DATA(locs11); 
%Beginning of discharge = locs1 + 1 
inilocs=locs1+1; ini=DATA(inilocs); 
% subtracts 11 points from the positions of the minima 
%Find_VALLEYS-11 (Based on former results, e.g.vls1) 




newvlocs1 = zeros(size(locs1)); newvlocs1(1:size(vlocs1,1),1:size(vlocs1,2)) = vlocs1; 
vlocs1=newvlocs1; clear newvlocs1; 
newvlocs11 = zeros(size(locs1)); newvlocs11(1:size(vlocs11,1),1:size(vlocs11,2)) = vlocs11; 
vlocs11=newvlocs11; clear newvlocs11; 
newvls1 = zeros(size(pks1)); newvls1(1:size(vls1,1),1:size(vls1,2)) = vls1; vls1=newvls1; clear 
newvls1; 
newvls11 = zeros(size(pks11)); newvls11(1:size(vls11,1),1:size(vls11,2)) = vls11; 







% Fits a polynomial of degree one for each discharge curve 
CP = []; 
for j=1:length(M); 
x = (1:length(M{1,j})); 
y = [M{1,j}]'; 
p = polyfit(x,y,1); 
CP = [CP;p(1:1)]; 
clear x y p; 
end 
 
clear M j i disccurv; % OPTIONAL 
clc; 
clear locs11 pks11 vlocs11 vls11; % OPTIONAL 
 % Calculates the capacitance based on the disc harge current (e.g. 50 mA) and the slope of
the discharge curve 
Cap=-0.0 
clear CP; 
-------------------------------
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